Activated carbon prepared from hazelnut shells was used to remove Co(II) from aqueous solution by adsorption. Batch-mode adsorption experiments were carried out varying parameters such as the initial metal ion concentration (13.30-45.55 mg/l), agitation speed (50-200 rpm), pH (2-8), temperature (293-323 K) and particle size (0.80-1.60 mm). The kinetics of the adsorption of Co(II) followed the pseudo-second-order equation, being pHdependent since the removal rate increased with the pH value of the aqueous solution. The adsorption equilibrium data obeyed the Langmuir isotherm. The adsorption capacity (Q 0 ) calculated from the Langmuir isotherm was 13.88 mg Co(II)/g carbon at 303 K employing a pH value of 6 and a particle size of 1.00-1.20 mm. The thermodynamic parameters evaluated for the carbon revealed that the adsorption of Co(II) was endothermic in nature. *
INTRODUCTION
Heavy metal ions such as cobalt, copper, nickel, zinc, etc. are detected in the waste streams arising from the electronic, electroplating and petrochemical industries and from mining operations, tanneries and textile mill products (Brezonik 1974; Patterson and Passino 1987) . The soils surrounding many military bases are also contaminated and pose a risk of metal traces in groundwater and surface water. Heavy metals are not biodegradable and tend to accumulate in living organisms, causing various diseases and disorders (Alloway and Ayres 1993; Suhasini et al. 1999) . The concentrations of heavy metals in wastewaters are normally much higher than those recommended by standards set by environmental agencies and, for this reason, methods are being employed to remove such metal ions from industrial effluents before disposal. The permissible limits of cobalt in irrigation water and for livestock watering are 0.05 and 1 mg/l, respectively. The effects of acute cobalt poisoning in humans are very serious, among which may be listed an asthma-like allergy, damage to the heart causing heart failure, damage to the thyroid and liver. Cobalt may cause mutations in living cells (Rengaraj and Moon 2002) .
A number of treatment methods have been developed over the years for the removal of metal ions from aqueous solutions, including chemical precipitation, reverse osmosis, ion flotation, evaporation, ion exchange and adsorption (Patterson 1985; Poon 1986) . Most of these methods involve high capital costs and are not suitable for small-scale industries. Research interest into the production of adsorbents has intensified in recent years. Many studies have appeared on the development of activated carbon from cheaper and readily available materials (Pollard et al. 1992; Johns et al. 1998; Bailey et al. 1999) . Activated carbons have been used widely as adsorbents for the removal of inorganic and organic pollutants from wastewaters since they possess both high surface areas and porosities.
Studies on the adsorption of Co(II) from aqueous solution by activated carbon and various lowcost materials have been reported in the literature. The adsorbents employed have included activated carbons prepared from peat, coconut shells and coal (Paajanen et al. 1997) , carbonaceous adsorbent material produced from the waste slurry generated in fertiliser plants (Srivastava et al. 1989) , hulls and bran (Teker et al. 1997; Marshall et al. 1993 ), sepiolite (Kara et al. 2003 ), kaolinite (Yavuz et al. 2003 , fungus (Suhasini et al. 1999 ) and various commercially activated carbons (Paajanen et al. 1997; Netzer and Hughes 1984; Chen and Lin 2001; Rao et al. 2002; Koshima and Onishi 1986) .
Hazelnut shell is an important agricultural residue, the amount produced annually in Turkey being estimated as ca. 3 × 10 5 tonne. At present, this agricultural waste material is used principally as a solid fuel. In recent years, metal ions such as Cr(VI), Cd(II), Zn(II) (Cimini et al. 2000) and Ni(II) have been removed efficiently from aqueous solutions by activated carbons generated from hazelnut shells (HSAC). Studies recorded in the literature indicate that the use of low-cost adsorbents for the removal of Co(II) from wastewater solutions has a great potential.
In the present study, the adsorption of Co(II) ions from aqueous solutions under kinetic and equilibrium conditions by HSAC was investigated. Various parameters such as the initial metal ion concentration, agitation speed, pH, particle size and temperature were studied to optimise the conditions for the effective removal of cobalt ions from aqueous solution.
EXPERIMENTAL

Materials
The hazelnut shells obtained were of the species Corylus avellana obtained from Trabzon, Turkey. They were air-dried, crushed and screened to obtain five fractions with geometrical mean sizes ranging from 0.80 mm to 1.60 mm. The preparation of the corresponding activated carbon was reported in a previous paper . The characteristics of the activated carbon are summarised in Table 1 . 
Adsorption studies
Adsorption studies were performed using the batch method to obtain the rate and equilibrium data. All chemicals used were of analytical reagent grade and were obtained from Merck and Fluka. The Co(II) ion solutions were prepared by dissolving CoCl 2 6H 2 O in distilled water. A control sample was taken at this point to determine the exact metal ion concentration before contact with the activated carbon. For equilibrium studies, 50-ml volumes of a solution containing a known concentration of Co(II) ions and 0.5 g of HSAC were placed in 100-ml screw-cap conical flasks and agitated in a thermostatic rotary shaker at 150 rpm for 24 h. After this time period, the HSAC particles were removed from the solutions by filtration and the Co(II) ion contents of the samples analysed using a Perkin-Elmer model SIMAA 6000 atomic absorption spectrometer. In each experiment, the pH value was adjusted using 0.1 N H 2 SO 4 or 0.1 N NaOH.
For kinetic studies, equal amounts of activated carbon were placed in the flasks and known volumes of Co(II) ion solution of varying concentration introduced into each flask at the desired pH value. The flasks were then placed in the shaker at a known temperature. Samples of the solutions were removed from the flasks at predetermined intervals, the adsorbent particles separated from each sample by filtration and the concentration of Co(II) ion remaining in solution determined spectrophotometrically as above. The Co(II) ion concentration retained in the adsorbent phase (q e , mg/g) was calculated using the equation:
(1)
where C 0 and C e are the initial and equilibrium concentrations of Co(II) ion in solution (mg/l), V is the volume of the solution (ml) and W s the mass of adsorbent employed (g). Each experiment was carried out in duplicate with the average results being presented here.
Adsorption dynamics
The dynamics of the adsorption process controls the rate of solute uptake and this rate, in turn, controls the residence time of the adsorbate at the solid-solution interface. Adsorbent rate constants calculated using the Lagergren pseudo-first-order, pseudo-second-order and Elovich kinetic models (Namasivayam and Kavitha 2003; Ho and McKay 1999) were used to describe Co(II) ion adsorption. Conformity between the experimental data and values predicted by the various models was expressed in terms of the correlation coefficient (r 2 ). A relatively high value of r 2 indicates that a particular model successfully described the kinetics of Co(II) ion adsorption.
Lagergren's pseudo-first-order equation
The rate constant for adsorption as determined from the Lagergren pseudo-first-order equation (k 1 , min 1 ) may be expressed as:
where q is the amount of Co(II) ion adsorbed (mg/g) at time t and q e is the amount adsorbed (mg/g) at equilibrium. Values of k 1 were calculated from plots of log(q e q) versus t for different concentrations of cobalt(II) ion.
Lagergren's pseudo-second-order equation
The pseudo-second-order model may be expressed as in equation (3):
( 3) where k 2 is the rate constant for pseudo-second-order adsorption [g/(mg min)]. If the model is applicable, then a plot of t/q versus t should be linear. Values of k 2 and q e were calculated from the intercept and slope of such a plot.
The Elovich equation
The Elovich model equation is generally expressed as:
( 4) where a is the initial adsorption rate [mg/(g min)] and b is the desorption constant (g/mg) during a given experiment. To simplify the Elovich equation, abt >> t is assumed (Chien and Clayton 1980) and by applying the boundary conditions q = 0 at t = 0 and q = q at t = t equation (4) becomes (Sparks 1986 ):
If the adsorption of the Co(II) ion fits the Elovich model, a plot of q versus ln t should yield a straight line with a slope 1/b and an intercept (1/b) ln(ab). The adsorption experiments were carried out over different time intervals to evaluate the optimum contact time. The removal of Co(II) ions increased rapidly with time up to 600 min and thereafter increased slowly to finally attain a constant value. On changing the initial concentration of Co(II) ion solution from 13.30 mg/l to 45.55 mg/l, the amount adsorbed increased from ca. 1.18 mg/g HSAC to 3.2 mg/g HSAC.
RESULTS AND DISCUSSION
Effect of contact time and initial cobalt ion concentration
It is clear that the removal of Co(II) ions was dependent on the metal ion concentration because an increase in the initial Co(II) ion concentration increased the amount of Co(II) ions adsorbed. The adsorption of Co(II) ions followed pseudo-second-order kinetics since the correlation Table 2 . The adsorption rate constant decreased with increasing initial Co(II) ion concentration especially at the highest initial values. Such behaviour has been attributed to saturation of the available adsorption sites. This strongly suggests that the adsorption of Co(II) ions onto HSAC was best represented by pseudo-second-order kinetics.
Effect of agitation speed
To investigate this effect, the agitation speed was varied from 50 rpm to 200 rpm during HSAC adsorption of Co(II) ions at an initial metal ion concentration of 45.50 mg/l. The resulting experimental data are shown in Figure 2 .
In an attempt to determine the controlling steps, a series of experiments with various agitation speeds and smaller HSAC particle size were performed. It was found that the rate of Co(II) ion uptake increased when a smaller particle size and higher agitation speeds were used (Figure 2) . The external mass-transfer coefficient and diffusivity play important roles in the adsorption. The external mass-transfer coefficient determines the initial shorter adsorption phase (first 4 h, Figure 2 ) and results in most of the Co(II) ion removal. On the other hand, the diffusivity affects the speed of adsorption over the second longer phase (15 h) (Chen and Lin 2001) .
The kinetic parameters as a function of agitation speed are listed in Table 2 . The change in k 2 values with agitation speed was small and probably related to the fact that better and more uniform mixing was achieved with increasing agitation. Alternatively, there could possibly be some boundary layer resistance to the process that decreased on increasing the agitation speed. The correlation between the experimental results and the model was very good (> 0.987). 
Effect of pH
The pH of the solution is an important factor in determining the rate of surface reactions. The variation in adsorption capacity with pH range is largely due to the influence of pH on the surface adsorption characteristics of HSAC. The increase in the amount of Co(II) ion adsorption with increasing pH over the range 2-8 is shown in Figure 3 . It should be noted that the pH values corresponding to the initial and final adsorption conditions were different. The initial pH value for solutions in each batch system varied from 2 to 8, while the final solution pH value after equilibration for 11 h were in the range 2.1 to 7.6. Over the low pH region, i.e. where the initial pH value was between 2 to 6, the equilibrium pH values varied by almost the same extent (from 2.1 to 5.8) and a local increase in the Co(II) ion removal efficiency was observed. This phenomenon may be attributed to the fact that Co(II) species exist only in a divalent ionic form over this pH range which favours their removal from the solution by the adsorbent. Over the high pH region, the equilibrium pH value increased rapidly from 6.1 to 7.6. This may be explained by the existence of a variety of ionic forms of Co(II), for example, Co(OH) + , Co(OH) 2 , Co(OH) 3 , existing in solutions at pH values just below 8 and thereby diminishing the overall efficiency of Co(II) ion removal (Netzer and Hughes 1984; Rengaraj and Moon 2002; Kim and Lee 2001) . The lowest and highest adsorptions observed for HSAC were 2.11 mg/g at pH 2 and 4.30 mg/g at pH 8. At higher pH values, the adsorption increased with increasing pH up to the point where the metal ions were precipitated (pH > 8) as a result of the formation of a cobalt hydroxide precipitate. These results clearly demonstrate the pH-dependence of the adsorption capacity of the adsorbent. Figure 3 . Effect of pH on the kinetics of the adsorption of Co(II) ions onto HSAC. Experimental conditions: C 0 = 13.30 mg/l; temp. = 298 K; agitation speed = 150 rpm; particle size = 1.00-1.20 mm.
Effect of adsorbent particle size
Batch adsorption experiments with HSAC were undertaken at fixed values of pH (6), adsorbent dose (0.50 g/50 ml), agitation speed (150 rpm) and temperature (298 K) using four selected particle sizes (0.80-1.00, 1.00-1.20, 1.20-1.40 and 1.40-1.60 mm). The data related to the removal of Co(II) ions at different particle sizes are shown in Figure 4 .
An increase in the HSAC particle size from 0.80 mm to 1.60 mm led to a decrease in the Co(II) ion adsorption uptake. The higher adsorption with smaller adsorbate particles may be attributed to the fact that smaller particles provide a larger surface area. The equilibrium time was not affected by the adsorbent particle size.
Adsorption isotherms
The adsorption data were analysed using two adsorption isotherm methods, i.e. the Langmuir and Freundlich isotherm equations (Gregg and Sing 1982; Slejko 1985; Ajmal et al. 2000) .
The Langmuir model assumes that the uptake of metal ions occurs on a homogeneous surface by monolayer adsorption without any interaction between the adsorbed ions. The Langmuir model may be applied to the experimental data using the following expression:
where C e is the equilibrium concentration (mg/l), q e is the amount of Co(II) ions adsorbed at equilibrium (mg/g), Q 0 is the adsorption capacity (mg/g) and b is the adsorption energy (Langmuir constant) (l/mg). The values of Q 0 and b were determined graphically using a plot of C e /q e versus C e which gave a straight line of slope 1/Q 0 corresponding to complete monolayer coverage (mg/g) and an intercept 1/Q 0 b ( Figure 5 ). The correlation coefficient was 0.996. The values of Q 0 and b were found to be 13.87 mg/g and 0.165 l/mg, respectively (Table 3) . The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter, R L , which is defined by the equation:
where b is the Langmuir constant and C 0 is the initial concentration of Co(II) ions. The magnitude of R L indicates the shape of the isotherm according to the following:
The values of R L were found to lie between 0.118 and 0.313 for Co(II) ion concentrations in the range 13.30-45.55 mg/l. As listed above, values of R L between 0 and 1 indicate the favourable adsorption of the Co(II) ion on the prepared carbon (Sharma and Foster 1994; Kadirvelu et al. 2001 ). The Freundlich isotherm describes equilibria on heterogeneous surfaces and hence does not assume a monolayer capacity. The isotherm may be described by the following equation:
The logarithmic form of the equation becomes:
where k F and n are Freundlich constants which may be obtained from the slope and intercept of the Freundlich plot.
The values of the Langmuir and Freundlich constants at different temperatures, pH values and particle sizes are listed in Table 3 . The data show that the Langmuir isotherm provided a more satisfactory fit of the experimental data relative to the Freundlich isotherm, as is evident from the values of the correlation coefficients. The increase in adsorption capacity of HSAC at higher temperatures may be attributed to the enlargement of the pore size or activation of the adsorbent surface.
Effect of temperature
A temperature range of 293-323 K was used to study the effect of temperature on the adsorption process. It was found that the extent of adsorption increased with increasing temperature as shown in Figure 6 . Erhan Demirbaş /Adsorption Science & Technology Vol. 21 No. 10 2003 Values of DH 0 and DS 0 were evaluated from the slope and intercept of the plots shown in Figure 7 . The calculated DH 0 value for the system was 17.75 kJ/mol. The positive value of DH 0 indicates that the process is endothermic in nature while the positive value of DS 0 suggests an increased randomness at the solid-solution interface during the adsorption of Co(II) ions. The adsorbed solvent molecules displaced by the adsorbate species gain more translational entropy than is lost by the adsorbate ions, thus increasing the randomness in the system. The value of DG 0 for the process decreased with increasing temperature thereby indicating that the process was spontaneous.
CONCLUSIONS
The removal of Co(II) ions from aqueous solutions by adsorption on activated carbon prepared from HSAC was studied varying a number of parameters, viz. the initial metal ion concentration, agitation speed, pH, particle size and temperature. The adsorption of Co(II) ions obeyed pseudosecond-order kinetics relative to the other models tested. The adsorption data were well fitted by the Langmuir isotherm. The thermodynamic parameters evaluated for HSAC revealed that the adsorption of Co(II) ions was endothermic in nature. Activated carbon prepared from hazelnut shell (an agricultural waste) could be used as a potential adsorbent for the removal of Co(II) ions from aqueous solution and is an inexpensive material for treating industrial wastewater. 
